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Abstract
Wind power accounts for a large portion of the European energy mix (17% of total power capacity). European power sys-
tems therefore have a significant-and growing-exposure to near-surface wind speed changes. Despite this, future changes 
in European wind climate remain relatively poorly studied (compared to, e.g., temperature or precipitation), and there is 
limited understanding of the differences shown by different general and regional circulation models (GCMs and RCMs). This 
study provides a step towards a process-based understanding of European wind speed changes by isolating the component 
associated with ‘large-scale’ atmospheric circulation changes in the CMIP5 simulations. The component associated with the 
large-scale atmospheric circulation is found to explain cold season windiness projections in the free troposphere over West-
ern Europe, with the changes reflecting the poleward shift of the North Atlantic jet. However, in most GCMs the projected 
wind speed changes near the surface are more negative than would be expected from the large-scale circulation alone. Thus, 
while the spread in CMIP5 21st century near surface wind speed projections is associated with divergent projections for the 
large-scale atmospheric circulation, there is a remarkably good agreement concerning a relative reduction in near-surface 
wind speeds. This analysis suggests that projected 21st century wind speed changes over Western Europe are the result of 
two distinct processes. The first is associated with changes in the large-scale atmospheric circulation, while the second is 
likely to be more local in its connection to the near-surface boundary layer. An improved process-based understanding of 
both is needed for enhancing confidence in wind-power projections on multi-decadal timescales.
Keywords Climate change · Surface wind projections · North Atlantic modes of variability · Wind power generation · 
Western Europe
1 Introduction
Under the Europe 2030 Climate and Energy Strategy plan, 
the European Comission (EC) is aiming to reduce its green-
house gas emissions in 40% with respect to 1990 levels and 
to produce 27% of its energy through renewable sources (EC 
2013). Wind power generation is widely seen as an excel-
lent resource to accomplish both goals, and has seen rapid 
increases in installed capacity in recent years (WindEurope 
2018). In 2016, wind power accounted for around 17% of 
total power capacity in Europe.
Wind power is, however, strongly dependent on weather. 
As the lifetime of energy systems infrastructure (e.g., trans-
mission lines and generation plants) is typically many dec-
ades, it is therefore important to accurately estimate how 
wind power resources may change over this period. In 
recent years, several authors have explored wind speed and 
wind power projections for Europe on the basis of GCM 
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simulations (e.g., Tobin et al. 2015, 2016; Reyers et al. 2016; 
Carvalho et al. 2017; Wohland et al. 2017; Karnauskas et al. 
2018). Reyers et al. (2016) analyzed future projections from 
the latest Climate Model Intercomparison Project (CMIP5) 
ensemble and found an increase in wind energy potentials 
for winter over central and Northern Europe, though large 
differences between the model projections were noted. Tobin 
et al. (2015) found only weak changes in wind generation 
potentials for most of Europe, with the exception of robust 
decreases over the Mediterranean region. Wohland et al. 
(2017) found an increase in the likelihood of atmospheric 
circulation states associated with low wind over Europe. 
Carvalho et al. (2017), chose a sub-set of GCMs and con-
cluded that wind power resources are likely to increase in 
central and Northern Europe and decrease in the Mediter-
ranean region, though large model uncertainties were also 
found. Overall, a general pattern of wind speed change can 
be identified, associated with increases in Central and North-
ern Europe and decreases in Southern Europe.
It is well established from the recent historical period 
(i.e., covered by reanalysis) that large-scale slowly-varying 
atmospheric circulation patterns have a strong impact on 
European wind climate at seasonal to interannual scales, 
particularly over Western Europe (e.g., the North Atlantic 
Oscillation, East Atlantic, and Scandinavian patterns: Bray-
shaw et al. 2011; Ely et al. 2013; Zubiate et al. 2017, 2017). 
The projected northward shift and eastward extension of the 
North Atlantic jet and storm track into Europe under climate 
change (e.g., Ulbrich et al. 2009; Simpson et al. 2014; Zappa 
et al. 2015b) therefore appears to be somewhat consistent 
with the general pattern of wind changes mentioned above 
[see also Karnauskas et al. (2018)]. It is, however, important 
to note that GCM projections of the large-scale atmospheric 
circulation changes remain themselves uncertain, with large 
disagreements between GCMs to the extent that even the 
sign of the projected change is unclear over some regions. 
Moreover, the projected patterns of large-scale circulation 
change cannot be fully reconciled with the pattern of surface 
wind speed change: e.g., the projected ensemble mean UK 
surface wind speed change in CMIP5 is negligible, even 
though it lies in a region where the storm track change might 
be expected to increase surface wind speeds.
A further complexity arises from observationally-based 
studies of recent surface wind-speed trends, suggesting that 
local effects (in addition to changes in large-scale atmos-
pheric circulation) may influence future surface windiness 
under climate change. In particular, a trend towards near-
surface wind stilling in the Northern Hemisphere has been 
documented by several authors (e.g., Vautard et al. 2010; 
Bichet et al. 2012; Torralba et al. 2017). The cause of this 
trend remains unclear—with changes in both atmospheric 
circulation and land use (i.e., surface roughness) cited as 
potential contributors. Additionally, further uncertainties 
might result from the differences in the model representa-
tion of boundary layer processes (e.g., Lindvall et al. 2013, 
2017; Holtslag et al. 2013.
Two key messages therefore emerge from the literature. 
Firstly, that although some areas of agreement emerge in 
wind-speed projections (weak increases in Northern and 
Central Europe; decreases in the Mediterranean), there 
remain significant uncertainties due to GCM ensembles pro-
jecting different patterns of change in both surface winds 
and large-scale atmospheric circulation. Secondly, there is 
a poor understanding of the physical processes responsible 
for causing changes in near-surface wind climate.
Several studies have focused on isolating the effects of 
large-scale circulation changes on future projections for 
Europe (e.g., Deser et al. 2017; Kröner et al. 2017), but 
none have been applied to near-surface wind speed. The 
main objective of this study is therefore to evaluate the 
importance of changes in the North Atlantic atmospheric 
circulation for surface wind speed projections over Europe. 
An EOF- and regression-based technique is developed and 
used to identify the connection between the North Atlantic 
large-scale atmospheric circulation and European surface 
wind speeds over the historical period (Sect. 2.1), and the 
skill of CMIP5 GCMs in reproducing this connection is 
assessed (Sect. 3.1.2). The same technique is then used with 
the CMIP5 climate projections to isolate the component of 
surface wind-speed change associated with North Atlantic 
atmospheric circulation changes (Sect. 3.2), allowing this 
estimated component of the change to be compared to the 
GCM-based surface wind speed projections (Sect. 3.3). The 
paper concludes with a summary and discussion of open 
issues (Sect. 4).
2  Data and methodology
This study makes use of daily zonal and meridional wind 
components at 10 m, 850 hPa and 500 hPa. Two domains 
are considered in the analysis: an Atlantic–European domain 
(15N–75N, 80W–40E) to evaluate the large-scale atmos-
pheric variability (associated with the North Atlantic jet), 
and a European domain (36N–70N, 11W–30E) to evaluate 
the ‘surface impacts’ relevant to wind-power applications. 
For the Atlantic-European domain, zonal wind at 850 hPa is 
processed using a 10-day Lanczos low-pass filter (Duchon 
1979) to isolate the slowly varying component of the large-
scale circulation.
Data is taken from two sources. Firstly, the ERA-
Interim (ERA-I) Reanalysis (Dee et  al. 2011) for the 
period 1979–2014, and secondly the CMIP5 general cir-
culation model (GCM) ensemble (Taylor et  al. 2012). 
For the CMIP5 data, two periods/experiments are con-
sidered: the recent historical period (1976–2005) and the 
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high-emissions RCP8.5 future scenario (2070–2099). The 
climate change response is evaluated as the difference 
between the climatologies of the two periods. The choice 
for the most extreme future scenario and the future period 
at the end of the century is meant to maximize signal-to-
noise ratio and allow for a better estimation of the pro-
jected changes. This is necessary given that prior studies 
found that wind changes projected by these models over 
Europe tend to be of small amplitude compared with inter-
nal variability (e.g., Carvalho et al. 2017). A single ensem-
ble member from each of the 26 CMIP5 GCMs listed in 
Table 1 is considered. In the cases where the multi-model 
means (MMM) are presented, each individual GCM is first 
interpolated to the grid of the ERA-I reanalysis. It is also 
noted that only 20 of the 26 CMIP5 models had daily 10-m 
wind data available (see Table 1). To maximize the data 
available to the analysis, individual results from each of 
the 26 models are presented whenever it is possible to do 
so. However, for multi-model means, only the 20 models 
with 10-m wind data are used. This is done to enable direct 
comparisons between signals obtained at different vertical 
levels (i.e., the common 20 GCMs are used to build the 
MMM results for 10 m, 850 hPa and 500 hPa).
Following Zappa et al. (2015b), two extended seasons are 
defined: a cold season from November to April and a warm 
season from May to October. This choice maximizes the 
signal to noise ratio in the climate response, by capturing 
the seasonality in the projected circulation response over 
Europe while reducing the noise due to internal variability 
compared to meteorological seasons. Seasonal statistics will 
refer to averages over these two periods in the rest of the 
manuscript. The seasonal North Atlantic Oscillation (NAO) 
and East Atlantic (EA) pattern indices used in Sect. 3.1.1 are 
calculated by NOAA/CPC following the method of Barnston 
and Livezey (1987) and are publicly available through the 
IRI Data Library (Blumenthal et al. 2014).
Table 1  CMIP5 GCMs considered in this study. Asterisks indicate that 10-m wind data was unavailable
Name Modeling center Atmospheric component References
ACCESS1.0 CSIRO/BoM, Australia UKMO UM 1.25◦lat × 1.875◦ lon Collier and Uhe (2012), Dix et al. (2013)
ACCESS1.3 CSIRO/BoM, Australia UKMO UM 1.25◦lat × 1.875◦ lon Collier and Uhe (2012), Dix et al. (2013)
BCC-CSM1.1* BCC, China BCC AGCM2.1 2.7906◦lat × 2.8125◦ lon Wu et al. (2014)
BNU-ESM BNU, China Interim CAM4 2.7906◦lat × 2.8125◦ lon Ji et al. (2014)
CanESM2 CCCma, Canada CanAM4 2.7906◦lat × 2.8125◦ lon Arora et al. (2011)
CMCC-CESM CMCC, Italy ECHAM5 3.4431◦lat × 3.75◦ lon Fogli et al. (2009)
CMCC-CM* CMCC, Italy ECHAM5  0.7484◦lat × 0.75◦ lon Scoccimarro et al. (2011)
CMCC-CMS CMCC, Italy ECHAM5 3.7111◦lat × 3.75◦ lon Manzini et al. (2006), Giorgetta et al. 
(2006)
CSIRO-Mk3.6.0 QCCCE/CSIRO, Australia Mark3.6 1.8653◦lat × 1.875◦ lon Collier et al. (2011), Rotstayn et al. (2012)
EC-Earth* EC-Earth Consortium, Europe ARPEGE/IFS/ECMWF 
1.1215◦lat × 1.125◦ lon
Hazeleger et al. (2010, 2011)
FGOALS-G2* LASG/IAP, China GAMIL2 2.7906◦lat × 2.8125◦ lon Li et al. (2013)
GFDL-CM3 GFDL, USA AM3 2◦lat × 2.5◦ lon Donner et al. (2011)
GFDL-ESM2G GFDL, USA AM2 2.0225◦lat × 2◦ lon Dunne et al. (2012)
GFDL-ESM2M GFDL, USA AM2 2.0225◦lat × 2.5◦ lon Dunne et al. (2012)
HadGEM2-CC Hadley Center, UK HadGAM2 1.25lat × 1.875 lon Collins et al. (2011), Jones et al. (2011)
INM-CM4* INM, Russia 1.5◦lat × 2◦ lon Volodin et al. (2010)
IPSL-CM5A-LR IPSL, France LMDZ
5
A 1.8947◦lat × 3.75◦ lon Dufresne et al. (2013)
IPSL-CM5A-LR IPSL, France LMDZ
5
A 1.2676◦lat × 2.5◦ lon Dufresne et al. (2013)
IPSL-CM5B-LR IPSL, France LMDZ
5
B 1.8947◦lat × 3.75◦ lon Dufresne et al. (2013)
MIROC-ESM JAMSTEC, Japan CCSR/NIES/FRCGC 2.7906◦lat × 2.8125◦ 
lon
Watanabe et al. (2011)
MIROC-ESM-CHEM JAMSTEC, Japan CCSR/NIES/FRCGC 2.7906◦lat × 2.8125◦ 
lon
Watanabe et al. (2011)
MIROC5 JAMSTEC, Japan CCSR/NIES/FRCGC 1.4008lat × 1.4062 
lon
Watanabe et al. (2011)
MPI-ESM-LR MPI-M, Germany ECHAM6 1.8653◦lat × 1.875◦ lon Giorgetta et al. (2013)
MPI-ESM-MR MPI-M, Germany ECHAM6 1.8653◦lat × 1.875◦ lon Giorgetta et al. (2013)
MRI-CGCM3 MRI, Japan MRI-AGCM3 1.1215◦lat × 1.125◦ lon Yukimoto et al. (2012)
NorESM1-M* NCC, Norway CAM4-Oslo 1.8947◦lat × 2.5◦ lon Tjiputra et al. (2012), Bentsen et al. (2013)
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2.1  Estimating the wind associated 
with the large‑scale modes of variability
To isolate the variability of near-surface wind over Europe 
linked to the North Atlantic atmospheric circulation, the 
leading modes of variability of 10-day low-pass daily fil-
tered zonal wind ( ̃u ) at 850 hPa in the Euro-Atlantic domain 
are considered. These modes are identified for each season 
through an empirical orthogonal functions (EOF) analysis. 
The percent of variance associated with each EOF and their 
accumulation is used to decide how many modes to retain 
(in each case 2 EOFs are retained, see Sect. 3.1.1).
A multiple linear regression (MLR) model is then con-
structed,1 linking the principal component (PC) time series 
corresponding to the retained EOFs to the wind speed at 
each vertical level over the European domain, for the ERA-I 
reanalysis and for each individual CMIP5 historical simula-
tion. The MLR is constructed separately for each grid point, 
for each season (NDJFMA and MJJASO) and for each ver-
tical level (10 m, 850 hPa and 500 hPa). Once the MLR is 
established, it is possible to derive an estimate of the wind 
speed over the European domain based only on the PCs 
representing the large-scale circulation over the Atlantic-
European domain. This is referred to as the wind speed ‘esti-
mation’, as compared to the gridded wind speed data from 
the GCM or reanalysis output. The estimation technique is 
hereafter referred to as EOF-MLR and is described by :
where ŵshist represents the estimated historical wind speed, 
PC1 and PC2 are the principal component time series cor-
responding to the historical EOF1 and EOF2 as described 
above; and A,B and C are the MLR coefficients obtained for 
each grid point over Europe at a given level and for a given 
season. It can be noted that a similar methodology was first 
applied by Deser et al. (2004) and most recently by Deser 
et al. (2017), using a single leading mode of atmospheric 
variability and a linear regression fit to isolate the influ-
ence of internal variability on the linear trend of different 
variables.
The identified links between the dominant modes of Euro-
Atlantic atmospheric variability and European near-surface 
wind speed in the present day climate are used to infer the 
contribution of future changes in the large-scale atmospheric 
(1)
ŵs
hist
(x, y, z, t) = A(x, y, z).PC1hist(t)
+ B(x, y, z).PC2hist(t) + C(x, y, z),
circulation to the wind speed projections in the CMIP5 
RCP8.5 scenario. To do so, each GCM’s 10-day low-pass 
filtered 850 hPa wind over the Atlantic domain in the future 
simulation ( ̃ufut
850
 ) is projected onto the EOF modes obtained 
from the model’s historical simulation (i.e., for each indi-
vidual GCM, we have verified that the EOF patterns remain 
unchanged between the historical and future simulations as 
seen in Figs. S3 and S4 of the Supplementary Material). 
This procedure can be described as:
Then, the resulting time series can be used to force the 
EOF-MLR model obtained from the historical simulations 
to derive an estimation of European wind following:
where A, B and C remain the same as in Eq. 1. This estima-
tion depends exclusively on the projections of large-scale cir-
culation change and on the present-day relationship between 
circulation and European windiness. Therefore, it can be 
anticipated that if the large-scale circulation response is not 
described in terms of present-day modes of variability or if 
the relationship between the large-scale and regional winds 
changes with warming, the estimated winds will differ from 
those projected by the models. This is not a limitation of the 
proposed methodology, as it will be shown that analysing 
these residuals is useful to suggest processes—other than 
the large-scale atmospheric circulation—that are important 
for future projections of windiness in the European region.
3  Results
3.1  Historical estimation of wind speeds
3.1.1  ERA‑interim
Before examining the GCM simulations, the EOF-MLR 
technique is first applied to the ERA-I reanalysis to evalu-
ate to what extent the technique is able to ‘estimate’ the 
observed surface wind variability over Europe.
The results from the EOF analysis applied to the cold 
season in ERA-I are summarized in Fig. 1. Figure 1c pre-
sents the explained variances obtained for the first 10 EOF 
modes and reveals that most of the variance (about 80%) 
can be explained by retaining the first two EOFs, which are 
well separated from the third EOF according to the North 
et al. (1982) criteria. The spatial patterns associated with 
these two EOFs are presented in Fig. 1a, b. To confirm that 
(2)�PCifut(t) = EOFihist(x, y) ⋅ ũfut
850
(x, y, t)
(3)
ŵs
fut
(x, y, z, t) = A(x, y, z).P̂C1
fut
(t)
+ B(x, y, z).P̂C2
fut
(t) + C(x, y, z),
1 The approach adopted is therefore linear and more sophisticated 
schemes can clearly be constructed. However, as will be demon-
strated, a linear reconstruction is sufficient for explaining a large frac-
tion of the observed variance in surface wind speed and the linear 
approach is therefore justified both by its performance and intuitive 
simplicity.
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the first two EOFs are sufficient to represent the wind field 
across the whole domain, the EOFs (and corresponding PC 
time series) are used to estimate the 10-day low-pass filtered 
zonal wind values. Figure 1d shows the correlation between 
the estimated and original daily zonal wind, with statisti-
cally significant correlations across the North Atlantic basin, 
Western Europe and Northwestern Africa. The highest cor-
relations—indicating regions where the EOF-MLR estima-
tion is particularly good—are observed over the NE Atlantic 
sector, including Iceland, the United Kingdom (UK), Ben-
elux and parts of Germany, France and the Iberian peninsula 
(the correlation in this region exceeds 0.8).
Figure 2 shows a similar analysis for the warm season. 
In this case, the first two EOF modes account for a smaller 
fraction of the total variance (around 68%, Fig. 2c), but are 
still significantly separated from the third mode. Consist-
ently, the correlation between the EOF-MLR estimated and 
the daily zonal winds is therefore weaker than in winter 
(Fig. 2d), though the spatial pattern of the correlation is 
similar. Only over Southern UK and Northern France, the 
estimation results in correlations exceeding 0.8.
Table 2 shows that there is a link between the EOF 
patterns calculated here and the canonical modes of vari-
ability identified in the North Atlantic, i.e. the NAO and 
the EA pattern. The correlations are computed between the 
seasonal average of the PCs associated with EOFs 1 and 
2, and the seasonal-average NAO and EA indices obtained 
from NOAA (see Sect. 2). Statistically significant corre-
lations exist with the canonical patterns in both seasons, 
though the connection is clearly stronger in the cold sea-
son. In both cases, PC1 demonstrates a clear connection 
with the NAO index and PC2 with the EA index. Similar 
connections are found when comparing the EOFs against 
the canonical patterns in terms of spatial structure or by 
using daily-scale information (e.g., proportion of days in 
each phase; not shown). It is important to point out that 
the analysis presented here does not rely on the physical 
interpretation of the obtained modes of variability and, as 
a consequence, this does not need to be explored further. 
Nonetheless, we note that relating large-scale atmospheric 
patterns—and their representation by EOFs—to surface 
wind speeds is an active area of research (e.g., Brayshaw 
Fig. 1  EOF results for ERA-Interim cold season 10-day lowpass-fil-
tered 850 hPa zonal wind for the period 1979–2014. a, b Present the 
EOF1 and 2 patterns, respectively. Black contours are 850 hPa zonal 
wind mean state for a qualitative comparison and are plotted every 2 
m/s. Together, EOF1 and 2 explain 79.46 % of the variance. c pre-
sents the variance explained by the first 10 EOF patterns (in %). d 
Presents the correlation between daily 850 hPa ũ wind and the EOF-
MLR estimation
 P. L. M. Gonzalez et al.
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et al. 2011; Ely et al. 2013; Hamlington et al. 2015; Zubi-
ate et al. 2017).
The preceding analysis demonstrates that the first two 
EOFs—which are closely linked to the canonical NAO and 
EA patterns—are sufficient to capture the variability in the 
large-scale structure of the North Atlantic zonal wind, par-
ticularly in the cold season.
The EOF-MLR described in Sect. 2 is now applied to 
test the potential to estimate wind speed variability at the 
surface, as well as at the 850 hPa and 500 hPa levels, given 
the large scale flow. The coefficients of determination ( R2 ) 
between the seasonal-average wind speed and the corre-
sponding EOF-MLR estimations are shown in Fig. 3. The 
coefficients over land are in general much larger for the cold 
season (panels a, c and e) than for the warm season (pan-
els b, d and f). High values (above 0.6, meaning that the 
EOF-MLR estimation can reproduce more than 60% of the 
total variance) are found for many regions of Western and 
Northern Europe in the cold season (e.g., Iberia reaches 0.8), 
but warm season correlations are relatively weak except for 
small regions in Northern Europe, indicating that windiness 
for this season is less connected to the large-scale North 
Atlantic zonal wind patterns. It can also be seen that, in 
general, the spatial patterns of R2 are consistent with height, 
though the values tend to be slightly weaker at 10 m (com-
pared to 850 hPa and 500 hPa).
It is therefore concluded that, given the North Atlantic 
atmospheric flow, the EOF-MLR method is capable of pro-
ducing a good estimation of near-surface and lower-tropo-
spheric wind speeds in several European regions relevant for 
wind energy production (e.g., Germany, France, UK, Spain) 
in the cold season. Given the more limited capability of the 
method in the warm season, the remainder of the analysis 
focuses solely on the cold season.
Fig. 2  Same as Fig. 1 but for the warm season. a, b Present the EOF1 and 2 patterns. Black contours are 850 hPa zonal wind mean state and are 
plotted every 2 m/s. Together, EOF1 and 2 explain 67.86 % of the variance
Table 2  Correlations between observed North Atlantic climate indi-
ces and the properties of the EOF principal components for ERA-
Interim (1979–2014)
Bold numbers are statistically significant at the 5% level according to 
a t test corrected for serial autocorrelations
Cold season Warm season
NAO EA NAO EA
PC1 0.91 − 0.099 − 0.588 0.17
PC2 − 0.39 0.666 0.029 0.348
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Fig. 3  Coefficient of determina-
tion R2 for the seasonal mean 
wind speeds at different levels 
and the EOF-MLR estimates 
in ERA-Interim, for the cold 
season (left) and warm season 
(right). a, b Correspond to 500 
hPa, c, d to 850 hPa and e, f to 
10 m wind speeds. The black 
boxes on a indicate the defini-
tions of focus areas
 P. L. M. Gonzalez et al.
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3.1.2  CMIP5
Having demonstrated that the EOF-MLR technique is able 
to capture the inter-annual variability of observed histori-
cal near-surface winds over Europe, a similar analysis is 
applied to the historical CMIP5 simulations. This enables 
to compare the influence that large-scale atmospheric 
circulation has on surface wind variations over Europe 
between the GCMs and reanalysis and as a result, the use-
fulness of the EOF-MLR estimation methodology.
The EOF-MLR technique is applied individually to the 
historical simulation of each GCM taken from the CMIP5 
archive (i.e., for each GCM there is a unique EOF pair 
and MLR regression to European wind speed). The EOF 
patterns obtained for each model are included in the Sup-
plementary Material (Figs. S1 and S2).
Figure  4 summarises the EOF analysis. It is noted 
that all but two GCMs underestimate the total variance 
accounted by the first two EOF patterns. At the same time, 
most GCMs overestimate the variance explained by EOF1 
and underestimate that explained by EOF2. The limita-
tions of the representation of the leading patterns of North 
Atlantic atmospheric variability in CMIP5 models has 
already been discussed by other authors (e.g., Davini and 
Cagnazzo 2014) and are therefore not further investigated 
here.
As in Sect. 3.1.1, the PC time series corresponding to 
EOFs 1 and 2 are linked to the near-surface wind speeds 
using a MLR, and the resulting EOF-MLR are used to esti-
mate time series of near-surface wind speeds over Europe.
Figure 5 shows the ability of the EOF-MLR method to 
estimate 10-day low-pass filtered 850 hPa zonal wind in the 
North Atlantic domain. The spatial structure of the coef-
ficient of determination between the original and estimated 
zonal wind fields for ERA-Interim (Fig. 5a), as well as the 
CMIP5 historical simulations MMM (Fig. 5b), are qualita-
tively similar with strongest values offshore and in Western 
Europe. In addition, it can be seen that the estimate is con-
sistent in strength and spatial pattern with reanalysis, though 
with relatively lower values over the UK area and relatively 
higher values penetrating inland along France.
The seasonal averages of the European wind speed time 
series from each GCM are compared with the respective 
EOF-MLR estimations on a region-by-region basis (for the 
boxes indicated in Fig. 3), and the results are summarised for 
two vertical levels in three regions in Fig. 6. For both levels, 
observed coefficients of determination are high and signifi-
cant for the UK and Iberia (IB) boxes (assessed through an 
F-test at the 5% level), indicating that the EOF-MLR method 
is able to produce a good estimation of the inter-annual vari-
ability of cold season wind speed simulated by each GCM 
over these areas (i.e., within each GCM the large-scale 
Fig. 4  Summary plot of the 
EOF analysis applied to the 
historical CMIP5 ensemble. 
The x axis presents the vari-
ance explained by EOF1 and 
the y axis for EOF2. Diagonal 
dashed lines correspond to 
different amounts of variance 
accumulated by the two. The 
black dot represents the values 
obtained from the ERA-I EOF 
analysis and individual GCMs 
are included as different colours 
and symbols
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atmospheric circulation associated with EOFs 1 and 2 is 
strongly connected to surface wind speed anomalies at sea-
sonal time scales). For the UK box (Fig. 6a and d), the coef-
ficients between GCM-based and estimated seasonal average 
wind speeds are also generally comparable in magnitude to 
the historical correlations seen in ERA-I (the MMM value 
for 10 m is almost identical to the one obtained from ERA-
I), though some models slightly over- or underestimate the 
strength of the connection. For IB, a strong link between the 
large-scale atmospheric circulation and near-surface wind 
remains but is generally weaker than in ERA-I and than the 
coefficients seen for UK in the GCMs, particularly at the 10 
m level (Fig. 6b). In the case of the Eastern Europe (EE) box, 
the observed correlations are much weaker (slightly above 
0.4 for 500 hPa) and most models noticeably underestimate 
the strength of the connection, especially at 10 m.
Fig. 5  Cold season coefficients 
of determination ( R2 ) between 
10-day filtered 850 hPa zonal 
wind over the North Atlantic 
sector and the EOF-MLR 
estimated fields. a Corresponds 
to ERA-I and b to the CMIP5 
multi-model mean (MMM) 
considering only the 20-model 
subset providing data at all 
levels
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These results suggests that, as in the case of ERA-I, the 
EOF-MLR estimation is capable of capturing the main 
sources of variability in seasonal wind speeds over Europe 
and the link between historical North Atlantic variability and 
windiness over Western Europe. Over Central and Eastern 
Europe the connection between wind speed and the large-
scale atmospheric circulation is weaker. In both cases, how-
ever, the GCMs have a tendency to underestimate the influ-
ence of the large-scale atmospheric circulation on European 
wind speeds, particularly at near-surface levels (10 m rather 
than 500 hPa). The coefficients of determination fields for 
the estimates of wind speed at each level and for each model 
are available in the Supplementary Material (S5, S6, S7 and 
S8).
3.2  Estimation of future wind speeds
The EOF-MLR technique described in Eq.  3 was then 
applied to the RCP8.5 CMIP5 runs. As described in 
Sect. 2.1, the EOF patterns and MLR parameters obtained 
from the CMIP5 historical simulations were used to estimate 
the European near-surface wind speed projected changes 
associated with the response of the North Atlantic large-
scale atmospheric circulation to climate change.
Figure 7 shows the multi-model mean R2 results obtained 
by applying the EOF-MLR model to the CMIP5 histori-
cal and future simulations. For each of the three levels the 
MMM shows qualitatively similar coefficients of determina-
tion (and thus explained variances) in the future simulations 
and in the historical simulations. Indeed, the coefficient is 
higher in many regions, which suggests that a larger fraction 
of regional wind variability is connected to the North Atlan-
tic large-scale atmospheric circulation in the future climate 
compared to the present day.
3.3  Projected changes
The preceding analysis demonstrates that the EOF-MLR 
technique is able to represent the impact of variations in 
large-scale North Atlantic atmospheric circulation variabil-
ity on western European wind speeds, both for the historical 
and future CMIP5 simulations. This section now uses the 
same methodology to assess the contribution of projected 
future changes in the large-scale North Atlantic atmospheric 
Fig. 6  Coefficients of determination between seasonal mean wind 
speed at two levels and the corresponding EOF-MLR estimates. a–c 
Correspond to 500 hPa speeds and d–f correspond to 10 m speeds. 
The grey dashed horizontal line presents the multi-model mean value, 
and the black continuous horizontal line presents the value obtained 
from ERA-Interim
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Fig. 7  Multi-model mean cold season coefficients of determination ( R2 ) between wind speed and the EOF-MLR estimated fields at 500 hPa (a, 
b), 850 hPa (c, d) and 10 m (e, f), for the historical (left) and RCP8.5 (right) runs
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circulation to changes in European near-surface wind cli-
mate. The near-surface wind speed changes estimated from 
the EOF-MLR method are therefore contrasted with the 
wind speed changes projected by each individual GCM.
Figure 8 compares the multi-model mean (MMM) sea-
sonal mean response (i.e. future–historical) in the filtered 
zonal wind at 850 hPa projected by the models (a) and that 
estimated by the EOF-MLR method (b). As found in previ-
ous studies (e.g., Simpson et al. 2014; Zappa et al. 2015b), 
the MMM response is consistent with a poleward shift of 
the North Atlantic jet, with a westerly enhancement in Cen-
tral and Northern Europe, and weaker westerlies over most 
of Iberia and the Southern North Atlantic. The EOF-MLR 
method successfully captures this poleward shift, but the 
response in the estimated zonal wind speed pattern peaks 
over the ocean on the Eastern edge of the basin, rather than 
in Europe. In particular, the EOF-MLR method underesti-
mates the westerly response in Central Europe and the east-
erly response in North Africa. These features are associated 
with an anticyclonic circulation response over the Mediter-
ranean, which despite being robust across the models does 
not appear to project onto the historical leading patterns of 
variability (e.g., Zappa et al. (2015a) and references therein). 
As such, these features are not captured by the EOF-MLR 
Fig. 8  Multi-model mean 
(MMM) GCM-based change 
for the 10-day filtered 850 hPa 
zonal wind field (a) and the 
EOF-MLR estimated fields 
(b) in m/s. The black contours 
represent the historical MMM 
mean field plotted every 2 m/s. 
The small black dots indicate 
regions where at least 70% of 
the models agree on the sign of 
the change
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estimation method. It is therefore important to emphasise 
that while the EOF-MLR method appears to provide a good 
representation of change in the North Atlantic plus Northern 
and Western Europe, it can only do so because the climate 
change pattern projects strongly onto the existing patterns 
of historical variability.
Thus, although the variability in the future zonal wind 
climate over the Mediterranean is well represented by the 
EOF-MLR, the climate change signal is not. The subsequent 
analysis is therefore primarily focused over Western Europe 
(in particular the UK and Iberia boxes), where the EOF-
MLR is better at capturing the large-scale response in the 
atmospheric circulation.
The MMM and EOF-MLR estimated changes in near-
surface wind over Europe are shown in Fig. 9 (note that the 
values are normalised by the GCM-based historical mean 
speed on each level for ease of comparison). For the higher 
vertical levels (500 hPa and 850 hPa; a–d) the EOF-MLR 
estimation of the projected change (right panels) shows a 
similar pattern to the GCM-based wind speed projections, 
with increases over the UK and France reaching zonally into 
the continent (between 2 and 4% of the historical wind speed 
mean). However, the eastward penetration of the increased 
wind speeds is less pronounced for the estimation than the 
GCM data would suggest, particularly at 500 hPa, decaying 
rapidly over Germany and Poland. This is consistent with 
the previously identified limitation of the EOF-MLR method 
: the circulation response over the Mediterranean does not 
project onto the dominant modes of internal atmospheric 
variability.
Consistently with the upper levels, the EOF-MLR method 
also estimates a future increase in 10 m wind speeds over 
Central/Western Europe of up to 4% of the historical mean 
(Fig. 9f). However, this is not generally found in the GCM-
based projections (Fig. 9e). In particular, over most land 
areas, models project a future weakening (rather than an 
increase) in surface wind speeds, with the exception of small 
regions over France, Southern Scandinavia and Northern 
Germany. Furthermore, this projected weakening of 10 m 
wind speeds is strikingly different from the projected wind 
speed increase found for 850 hPa (Fig. 9c). The strong verti-
cal structure in the wind speed response and the inability of 
the EOF-MLR method to capture the sign of the response at 
the surface suggest that boundary layer processes are play-
ing a key role in the GCM-based near-surface wind speed 
projections.
Figures 10 and 11 put the focus on the UK and IB boxes. 
These are regions which are both important players in Euro-
pean wind-energy production, and areas where the EOF-MLR 
methodology was demonstrated to produce a good estimation 
of both future variability (at all vertical levels) and change (at 
850 hPa and 500 hPa). For each level, these figures contain a 
scatter plot comparing the GCM-based and the EOF-MLR 
estimated changes, and a bottom panel presenting the residu-
als: i.e., the difference between the GCM and the EOF-MLR 
reconstruction.
For the UK box, the GCM-based changes for 10 m show 
significant spread across the CMIP5 ensemble, with little 
agreement in the sign of change leading to very small changes 
projected in the MMM (Fig. 10a, less than a 0.5% decrease 
with respect to the historical mean). At higher levels (850 and 
500 hPa) the signal remains mixed, though an overall tendency 
towards a positive change emerges. By contrast, the EOF-MLR 
estimated changes show an increase in wind speed in almost 
every GCM and at all levels (consistent with the patterns 
shown in Fig. 9). The residuals are predominantly negative 
and consistent in sign across the three vertical levels, though 
the magnitude of the MMM residual decreases with height. 
Overall, this suggests that the change in large-scale atmos-
pheric circulation would drive an increase in UK near-surface 
wind speeds (at 10 m, of around 2% of the historical mean), 
but this is somewhat compensated by a decrease associated 
with processes that cannot be directly linked to the modes of 
large-scale North Atlantic atmospheric variability. The magni-
tude of the mean residual term decreases with height (Fig. 10d, 
f), further suggesting that this residual may be associated with 
boundary-layer or surface processes.
For the Iberian box (Fig. 11) the reasoning is similar, 
though the implications for near-surface wind climate are 
markedly different. In the GCM-based projections, both 10 
m and 850 hPa show a strong decrease in wind speed in 
almost all GCMs, while there is little consensus between 
the GCM projections at 500 hPa. The EOF-MLR estimated 
wind speed projection, however, qualitatively resembles the 
500 hPa change with wide spread between models and very 
weak change in the MMM. The reduction in wind speeds at 
10 m and 850 hPa therefore lies solely in the residual term 
(which is again negative, as in the UK box).
Another important point that arises from these scatter 
plots is the fact that the inter-model spread remains large in 
the EOF-MLR estimation, suggesting that the uncertainty in 
the GCM projections for the UK and Iberia can be explained 
to a large extent by differences in the response to North 
Atlantic atmospheric variability.
This analysis therefore seems to strongly suggest that 
GCM-derived near-surface wind projections over Europe 
(particularly Western Europe) arise as the joint effect of 
multiple processes, rather than being simply a response to 
North Atlantic large-scale atmospheric circulation changes.
4  Summary and discussion
This study explores the connection between near-surface 
wind projections over Europe and changes in the large-scale 
atmospheric circulation over the Atlantic-European sector. 
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Fig. 9  Multi-model mean (MMM) normalised changes in wind speed 
between the RCP8.5 and historical periods obtained from the GCM-
based (left) and EOF-MLR estimated (right) fields. In every case, the 
wind speed difference between the two periods was normalised by the 
average historical wind speed of the specific level. a, b correspond 
to 500 hPa, c and d to 850 hPa, and e, f to 10 m. Black dots indi-
cate regions where at least 70% of the models agree on the sign of the 
change
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It is demonstrated that GCM projections of surface wind 
speed change during the 21st century cannot be explained as 
a result of changes in existing modes of large-scale atmos-
pheric circulation alone (broadly corresponding to the NAO/
EA patterns and North Atlantic jet).
A statistical method employing EOFs and a multiple 
linear regression model (EOF-MLR) is applied to both 
observational (ERA-Interim) and CMIP5 historical GCM 
simulations to isolate the European wind speed signals asso-
ciated with changes in the large-scale atmospheric circula-
tion over the North Atlantic. The connection between the 
large-scale circulation and surface wind speeds was found 
to be stronger in the cold season (NDJFMA) than the warm 
season (MJJASO) in ERA-Interim. In both seasons, the link 
is strongest over the Atlantic, decaying eastward into the 
European continent, though strong connections exist for 
Western Europe, including Ireland, UK, France, Germany, 
southwestern Scandinavia and Iberia, particularly in the cold 
season.
The EOF-MLR was subsequently applied to estimate 
the future changes in European wind speed associated with 
projected changes in large-scale atmospheric circulation 
for the 21st century. In the free troposphere, the estimated 
wind speed changes are consistent with the GCM projec-
tions across much of Western and Northern Europe: i.e., the 
change in wind speed estimated by the EOF-MLR method is 
similar to the change in the raw GCM wind speed. However, 
near the surface, the EOF-MLR estimation reveals a substan-
tially different pattern of changes over Europe when com-
pared to the equivalent raw GCM near-surface wind, imply-
ing that the GCMs near-surface wind speed changes cannot 
be attributed to changes in large-scale atmospheric circula-
tion alone. For the UK, the estimated large-scale component 
suggests a moderate increase in wind speed under RCP8.5 
in the MMM (compared to no change in the GCM-based 
MMM projections) whereas for Iberia the estimated large-
scale circulation change suggests no change in near-surface 
wind speeds (compared to a negative change in the GCM-
based MMM near-surface wind speed projections). The 
difference between the GCM-based and estimated changes 
therefore reveals a negative ’residual’ in both cases—likely 
associated with changes in boundary layer processes under 
climate change, though further investigations would be nec-
essary to confirm the causes and to compare to more recent 
developments in the representation of PBL processes (e.g., 
Shin et al. 2018; Gross et al. 2018). It is also noteworthy 
Fig. 10  UK regional normalised changes in 10 m (a, d), 850 hPa (b, 
e) and 500 hPa (c, f) speeds. a–c The scatter plots compare the GCM 
and EOF-MLR projections of wind speed change for the UK box. 
The grey star, which is also indicated by the grey dashed cross-lines, 
corresponds to the multi-model mean (MMM) obtained from the set 
of common models. d–f The residuals (difference between GCM-
based and EOF-MLR projections) are shown on the bottom row. All 
the presented responses and residuals are normalised by the average 
historical speed of the corresponding level. The MMM* value corre-
sponds to the ensemble mean of models available in all levels
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that this residual is even more negative over the surrounding 
ocean areas, suggesting that the potential implications for 
off-shore wind power generation may be greater.
The use of the EOF-MLR methodology proved adequate 
to isolate the influence of the large-scale atmospheric vari-
ability on climate projections of near-surface winds over 
much of Europe. Two key lessons are drawn from this analy-
sis. Firstly, it has been shown that, in general, GCMs have 
deficiencies capturing the link between North Atlantic large-
scale circulation and near-surface windiness. In terms of 
directly estimating future near-surface wind speed changes 
from GCMs, the quality of their simulation of the link 
between the large-scale circulation and near-surface wind 
variability (on timescale of days to months) may therefore 
offer a useful metric for selecting or weighting an ensem-
ble of GCM projections. An interesting question for further 
research is the extent to which this weak bias in the strength 
of this link can be rectified by regional climate models 
(RCMs) downscaling (as seen in, e.g., EURO-CORDEX or 
climate impacts simulations such as UKCP18 https ://www.
metoffi ce.gov.uk/resea rch/colla borat ion/ukcp, EUCP https 
://www.eucp-proje ct.eu).
Secondly, it is clear that much of the spread in future 
near-surface wind speed projections from GCMs arises 
from differences in their large-scale circulation responses 
(the residual is remarkably consistent across different 
GCMs). This suggests that the quality and coherence 
of climate change projections of surface wind speed are 
strongly influenced by the wider projections of large-scale 
atmospheric circulation. In terms of RCM downscaling 
studies of wind-speed projections (such as Tobin et al. 
2016), this suggests that the selection of parent GCM 
simulations which are used to drive the RCM downscaling 
is very important. In particular, if the parent GCMs fail to 
adequately sample potential future large-scale circulation 
changes, then a biased near-surface wind speed projec-
tion may result. Conversely, taking a multi-model mean 
over a number of climate projections sampling a range 
of future large-scale circulation states (associated with a 
mixture of positive and negative near-surface wind speed 
changes), could lead to cancellation: the multi-model 
mean may therefore tend to underestimate the extent to 
which changes in near-surface wind climate are possible. 
“Storyline” approaches for future near-surface winds may 
offer a novel approach to deal with this deep uncertainty 
(e.g., Zappa and Shepherd 2017).
This work has been the first one to attempt to link near-
surface wind speed changes over Europe with changes in 
North Atlantic large-scale variability. By doing so, it has 
shown that wind speed changes projected by CMIP5 GCMs 
for the upper levels are consistently connected to such pro-
cesses but that that is not the case for surface wind speeds.
Fig. 11  Same as Fig. 10 but for the Iberia (IB) box
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Ultimately, the analysis presented suggests that CMIP5 
GCM-based wind speed projections over Europe represent 
the sum of two potentially opposing processes—neither of 
which is necessarily well characterised by the current gen-
eration of GCMs in CMIP5. The first process is the well-
studied problem of changes in the large-scale atmospheric 
circulation, around which many uncertainties remain as dis-
cussed in the Introduction. The second process, however, is 
likely associated with changes in the surface boundary layer. 
Given the widespread interest in surface wind climate—not 
least in support of the expansion of renewable energies—it 
is therefore vital that the boundary layer is well-represented 
in GCMs and changes in its structure (associated with both 
interannual climate variability and long term change) are 
well understood. Recent studies have shown a clear connec-
tion between boundary-layer schemes and parametereiza-
tions in the GCMs and the representation of near-surface 
wind and circulation features (e.g., Lindvall et al. 2017; 
Gross et al. 2018; Shin et al. 2018). Indeed, given the dif-
ficulties in confidently simulating changes in large-scale 
atmospheric circulation, it may be possible to make more 
rapid progress in understanding this boundary-layer com-
ponent than in the large-scale. Until such understanding is 
developed, however, projections of future near-surface wind 
climates may be best viewed with some caution.
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